Rationale: Cardiomyocytes (CMs) differentiated from human pluripotent stem cells (PSCs) are increasingly being used for cardiovascular research, including disease modeling, and hold promise for clinical applications. Current cardiac differentiation protocols exhibit variable success across different PSC lines and are primarily based on the application of growth factors. However, extracellular matrix is also fundamentally involved in cardiac development from the earliest morphogenetic events, such as gastrulation.
New Methods in Cardiovascular Biology
C ardiac differentiation protocols for human pluripotent stem cells (PSCs) have evolved from the inefficient and variable serum-based embryoid body (EB) methods to monolayer and EB protocols in defined conditions using the sequential application of growth factors that reflect the changes in Wnt, Activin/ Nodal, and bone morphogenetic protein (BMP) signaling during normal cardiac development. [1] [2] [3] [4] [5] The optimization of cardiac differentiation protocols has focused primarily on the timing of application and concentration of growth factors. Variability in the endogenous signaling pathways among different human PSC lines during differentiation has required cell line−specific titration of growth factors and sometimes stage-specific inhibition of signaling pathways. 3, 6 However, cell behavior and stem cell fate choices are also critically impacted by extracellular matrix (ECM). 7, 8 Although studies have described ECM preparations, including synthetic surfaces, effective for attachment and culture of undifferentiated human embryonic stem cells (ESCs) and induced PSCs (iPSCs), [9] [10] [11] [12] [13] the ability of ECM to promote in vitro cardiac differentiation has not been described.
Human ESCs and iPSCs resemble epiblast cells present in the bilaminar embryo based on gene expression patterns and active cell signaling pathways. 14, 15 During gastrulation, some epiblast cells undergo an epithelialmesenchymal transition (EMT) and ingress in the primitive streak to generate the mesodermal cells fated to give rise to heart muscle. 16 Primitive streak formation requires appropriate growth factor signaling, and ECM is critical for the process. 8 The ECM provides an adhesive substrate for cell migration and allows for essential cross-talk between ECM receptors and growth factor receptors. In addition, ECM can sequester and store growth factors to enable spatiotemporally controlled release necessary for morphogenesis. The ECM also can sense and transduce mechanical signals that impact cell fate decisions. 7, 17 ECM signaling is dynamic during development with constant remodeling by proteases and changes in expression of ECM proteins, such as increased fibronectin expression associated with mesoderm induction. [18] [19] [20] Here, we report that overlaying monolayer-cultured human PSCs with the Matrigel, a commercially available ECM preparation, promotes EMT required for generation of precardiac mesoderm. Combining ECM with growth factor signaling, we describe a robust method for differentiation of multiple human PSC lines to functional cardiomyocytes (CMs) in defined conditions.
Methods

Human iPSC and ESC Culture
Three iPSC lines derived from foreskin fibroblasts without integration of vector and transgene sequences (DF6-9-9T, DF19-9-7T, and DF19-9-11T) and the lentiviral-generated iPS cell line IMR90 clone 4 (IMR90 C4) were used in this study. 21, 22 Human ES cell lines (H1 and H9) were used for comparison. 23 The iPSCs and ESCs were maintained on irradiated mouse embryonic fibroblasts in 80% DMEM/F12 basal medium, 20% KnockOut serum replacer, 0.1 mmol/L nonessential amino acids, 1 mmol/L L-glutamine (all from Invitrogen), 0.1 mmol/L β-mercaptoethanol (Sigma), supplemented with 100 ng/mL zebrafish basic fibroblast growth factor (bFGF; purified from a bacterial expression system by us) for iPSCs, and 4 ng/mL human recombinant bFGF (Invitrogen) for ESCs as described previously. 21, 24, 25 Cell lines were used continuously between passages of 25 to 60.
Cardiac Differentiation Using the Matrix Sandwich Protocol
Human iPSCs and ESCs maintained on mouse embryonic fibroblasts were passaged on Matrigel (growth factor-reduced; BD Biosciences) thin-coated 6-well plates (8.7 ug/cm 2 ) and cultured in mTeSR1 medium (WiCell Institute) for 5 to 6 days to deplete the feeder cells. Cells were washed with phosphate-buffered saline (PBS without Ca 2+ /Mg 2+ ) and incubated with 1 mL/well Versene solution (Invitrogen) at 37 o C for 5 minutes to singularize the cells and were seeded on Matrigel-coated plate at the density of 100 000 cells/cm 2 in mTeSR1 medium supplemented with 10 μmol/L Rho kinase inhibitor (Y-27632; CalBiochem). The medium was changed daily, and after 3 to 4 days when the monolayer of cells reached 80% to 90% confluence, a thin layer of Matrigel was overlaid by freshly mixing Matrigel (growth factor reduced), 0.5 mg (faster growing lines, ie, DF19-9-11T, DF19-9-7T, IMR90 C4, or H9) or 1 mg (slower growing lines, ie, DF6-9-9T and H1), in 15 mL ice-cold mTeSR1 medium and replacing the medium in each well of a 6-well plate with 2.5 mL of Matrigel containing mTeSR1. Cells were cultured in mTeSR1 medium for another 1 to 2 days until the cells were 100% confluent, which is referred to as day 0 when the medium was replaced with 2.0 mL of Roswell Park Memorial Institute medium (RPMI) 1640 basal medium (Invitrogen) plus B27 without insulin supplement (Invitrogen) containing Activin A (100 ng/mL; R&D Systems) and Matrigel (0.5 mg Matrigel/6-well plate). After 24 hours, the medium was changed with the same medium as day 0 (3 mL/well) without Matrigel but supplemented with BMP4 (5-10 ng/mL; R&D Systems) and bFGF (5-10 ng/mL, Invitrogen) for another 4 days without medium change. At day 5, the medium was changed to RPMI plus B27 complete supplement (Invitrogen), and the medium was changed every 2 to 3 days. For H9 cells, 1% KnockOut serum replacer (Invitrogen) was added at day 0 in a subset of experiments.
Calculation of the Yield of CMs From Matrix Sandwich Protocol
The input iPSCs or ESCs were initially seeded at 100 000 cells/cm 2 at day 5. The output CMs were determined by flow cytometry of cardiac troponin T-positive (cTnT + ) cells at 15 days of differentiation. The yield of CMs was calculated by the number of cTnT + cells divided by the number of input iPSCs or ESCs.
Electron Microscopy
Human iPSCs and ESCs cultured in 6-well plates with or without matrix sandwich were fixed overnight at 4°C in a 2.5% gluteraldehyde, 2% paraformaldehyde, 0.1 mol/L phosphate buffer solution and then postfixed with 1% osmium tetroxide. Samples were dehydrated with increasing concentrations of ethanol up to 100% and kept in a 1:1 mixture of 100% EtOH:Durcupan embedding medium overnight. Samples were desiccated under vacuum for 3 hours, exchanged with fresh Durcupan, and then kept at 60°C overnight for polymerization of embedding medium. A 1-cm 2 sample of the culture plate was cut with a jeweler's saw for microtome processing. Ultrathin 60-nm sections were cut perpendicular to the culture surface at the interface of the plate and embedded cells. The sections were placed on a copper grid and stained with uranyl acetate and lead citrate. Samples were visualized on a Phillips CM120 STEM. Photographs were taken with an attached digital camera.
Reverse-Transcriptase Polymerase Chain Reaction and Quantitative Reverse-Transcriptase Polymerase Chain Reaction
Cell samples were collected using 0.25% trypsin-EDTA (Invitrogen) to remove the cells from cell culture plates. Total RNA was purified using QIAGEN RNeasy Mini kit. Possible genomic DNA contamination was removed by DNase I (Invitrogen) treatment for 15 minutes at room temperature. Total RNA measuring 500 ng was used for Oligo(dT) 20 
Flow Cytometry
Cells were detached from cell culture plates by incubation with 0.25% trypsin-EDTA (Invitrogen) plus 2% chick serum (Sigma) for 5 minutes at 37°C. The chick serum is added for a more gentle dissociation to single cells without clumping. Cells were vortexed to disrupt the aggregates, followed by neutralization by adding equal volume of EB20 medium. 26 Approximately one million cells were used for each flow sample. Cells were fixed in 1% paraformaldehyde in a 37°C water bath for 10 minutes in the dark and permeabilized in ice-cold 90% methanol for 30 minutes on ice. 
Immunolabeling
Single CMs were isolated from the matrix sandwich culture using 0.25% trypsin-EDTA (Invitrogen) plus 2% chick serum (Sigma) for 5 to 10 minutes at 37 o C. Cells were washed and plated on glass coverslips coated with 0.1% gelatin solution in EB20 medium for 2 days to allow attachment. Monolayer (control) and matrix sandwich cell culture were prepared by directly seeding the PSCs on Matrigel-coated coverslips in 12-well plates and differentiated using the matrix sandwich protocol. Cells were fixed in 4% paraformaldehyde for 15 minutes at room temperature and permeabilized in 0.2% Triton X-100 (Sigma) for 1 hour at room temperature. Samples were blocked with 5% nonfat dry milk (Bio-Rad) in 0.2% Triton X-100 solution and incubated for 2 hours at room temperature on a rotator, followed by 2 washes with PBS. Primary antibodies (please refer the Online Data Supplement material for details of the primary antibodies) were added in 0.1% Triton X-100, 1% bovine serum albumin in PBS solution, and incubated overnight at 4 o C. Samples were washed with 0.2% Tween 20 in PBS twice and 1X PBS twice. Secondary antibodies specific to the primary IgG isotype were diluted (1:1000) in the same solution as the primary antibodies and incubated at room temperature for 1.5 hours in the dark on a rotator. Samples were washed with 0.2% Tween 20 in PBS twice and 1X PBS twice. Glycoproteins on plasma membrane were labeled with wheat germ agglutinin fluorescein conjugates (Invitrogen) for fixed cells by incubation with wheat germ agglutinin conjugate in PBS for 30 minutes at room temperature, followed by 2 washes with PBS. Coverslips were sealed with Gold Antifade Reagent with 4′,6′-Diamidino-2-PhenylindoleI (Invitrogen) on glass slides. Slides were examined with an epifluorescence microscope (Leica DM IRB) with QImaging Retiga 4000R camera for imaging analysis or a confocal microscope (Nikon, A1R) with the image analysis by the software of NIS-Elements BR3.0.
Electrophysiology
Microdissected beating areas were maintained in EB2 medium for 1 to 10 days before recording. CM electrical activity was measured using sharp microelectrodes (50-100 MΩ; 3 mol/L KCl) in a 37°C bath continuously perfused with Tyrode solution (mmol/L): 140 NaCl, 5.4 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 10 Hepes, 10 glucose, and pH 7.4 NaOH. 26 Junction potentials and capacitance were nulled and data were acquired at 10 kHz using an AxoClamp2A amplifier and pClamp 9.2 software (Molecular Devices, Sunnyvale CA). Electrical field stimulation was performed using 2 platinum electrodes coupled to a Grass SD-9 stimulator (Quincy, MA). For analysis, data were filtered offline using a low-pass Gaussian filter with a cut-off frequency of 2 kHz.
Optical Mapping of Monolayer CMs Derived From hESCs/iPSCs
For high-resolution optical mapping of action potential (AP) propagation, iPSC-CMs or ESC-CMs were isolated from day 30 matrix sandwich−differentiated cells using 0.25% trypsin-EDTA (Invitrogen) plus 2% chick serum (Sigma) for 5 to 10 minutes at 37 o C. CMs were then plated on fibronectin-coated 18×18 mm coverslips (20 μg/coverslip) at a density of 250 000 cells per monolayer in EB20 supplemented with 10 μmol/L blebbistatin. After 24 hours in EB20, the medium was switched to RPMI supplemented with B27 and 10 μmol/L blebbistatin and cultured for an additional 48 hours. On the day of optical mapping recordings, the monolayers were switched to HBSS (Sigma) and stained with the voltage-sensitive dye, Di-8ANEPPS (40 μmol/L, Invitrogen). Optical AP recordings were made using an ultrasensitive CCD camera (80×80 pixels; SciMeasure) as described previously. 27 First, spontaneously occurring APs were recorded, followed by overdrive electrical pacing. The basic cycle length was gradually decreased (from 1000 to 333 ms) until loss of 1:1 capture or re-entry was induced. Conduction velocity for spontaneous activity and for electrically paced propagation were calculated as described previously. 27 Immunohistochemistry of the monolayer CMs with connexin 40 (Millipore), connexin 43 (Abcam), and α-actinin (Sigma) antibodies was performed using a similar procedure as described previously. 28
Statistics
Data are presented as mean±SEM or mean±SD as indicated. Data were first analyzed using the Shapiro-Wilk normality test. For data sets with normal distributions, statistical significance was determined by Student t test (2-tailed) for 2 groups or one-way analysis of variance for multiple groups with post hoc test using Tukey method. For the data sets failing the normality test, statistical significance was determined by nonparametric test using the Mann-Whitney test for 2 groups or Kruskal-Wallis 1-way analysis of variance. Statistical analysis was performed using Microcal Origin, version 7.5, and P<0.05 was considered statistically significant.
Results
ECM Promotes EMT of Human PSCs
hESCs and iPSCs, when seeded as single cells and grown as monolayer in defined mTeSR1 medium on growth factorreduced Matrigel, exhibit a polarized epithelial cell phenotype with the basal surface attached to ECM and the apical surface demonstrating microvilli and surface glycoproteins ( Figure 1A and 1B). The epithelial adhesion junction protein E-cadherin is present on the lateral surfaces of the cells ( Figure 1C and Online Figure IA ). Robust expression of octamer-binding transcription factor 4 (OCT4), NANOG, and SSEA4 (Online Figure IB ) in a polarized epithelium is consistent with these cells exhibiting an epiblast-like phenotype. ECM contributes to major morphogenetic events, such as gastrulation, 8 so we tested the effect of adding ECM in the form of growth factorreduced Matrigel to monolayer-cultured human PSCs, creating a sandwich of ECM, between which the cells grow. The matrix sandwich resulted in rapid changes in cellular organization within 24 hours, with focal areas becoming multilayered ( Figure 1A , right) and composed of mesenchymal cells below a layer of epithelial cells ( Figure 1B, right) . The overlaying matrix was quickly internalized by the epithelium, as evidenced by spaces between cells present in electron micrographs after 24 hours ( Figure 1B , right) and by immunolabeling for laminin, a major ECM component of Matrigel, detected between cells rather than apically ( Figure 1A, right) . A hallmark change of EMT is the transition in cadherin expression from the epithelial E-cadherin to mesenchymal N-cadherin.
Colabeling the cells with E-cadherin and N-cadherin antibodies showed prominent N-cadherin-positive foci present in the multilayered areas ( Figure 1C ) with 6-fold more N-cadherinpositive foci in the matrix sandwich compared with the control culture ( Figure 1D ). These N-cadherin−positive cells were present as clusters of lower layer cells, which lacked regular cell−cell contacts and apicobasal polarity and no longer expressed OCT4 (Figure 1B , right, and 1E), suggesting these cells represent migratory mesendoderm cells. Gene expression analysis demonstrated that the matrix sandwich resulted in a significant increase in expression of multiple genes associated with EMT during gastrulation, including the transcription factors SNAIL1, SNAIL2, GSC (goosecoid), the cytoskeletal protein VIM (vimentin), and the ECM protein FN1 (fibronectin) ( Figure 2 ). Gene expression also demonstrated evidence of the EMT cadherin switch with an increase of CDH2 (N-cadherin) expression but a decrease in CDH1 (E-cadherin) expression ( Figure 2 ). Together, these findings demonstrate that the matrix sandwich promoted formation of multilayered areas of cells undergoing EMT.
Matrix Sandwich Protocol for Robust Cardiac Differentiation of Human PSC Lines
Effective cardiac differentiation of monolayer-cultured H7 hESCs was demonstrated previously using a protocol using the sequential application of Activin A and BMP4 1 ; however, this protocol was not broadly successful on other human PSC lines, such as the vector-free iPSC line DF19-9-11T ( Figure 4A , control) or H1 ESCs. 6 Building on the results that Matrigel promotes EMT of the monolayer-cultured human PSCs, we combined ECM application with Activin A and BMP4 treatment to develop a 3-stage protocol for cardiac differentiation using DF19-9-11T iPSCs ( Figure 3A) . With Matrigel overlays at day 2 and day 0, we observed a marked reduction in cell death that occurs 24 hours after the addition of Activin A and the change in medium ( Figure 3B) . Furthermore, the cell number increased markedly from days 2 to 5 in the matrix sandwich culture in contrast to the control ( Figure 3B ). To investigate for mesodermal committed cells at this stage, we examined the expression of Brachyury. Immunolabeling revealed that on day 2, cells were primarily growing as clusters of Brachyury-positive cells, and the number and size of Brachyury-positive clusters were markedly increased by the Matrigel overlays compared with the control (Figure 3C ). Flow cytometry showed that the protocol produced a highly enriched population of Brachyury-positive cells with 98% of the cells being Brachyury-positive on day 2 ( Figure 3D ). Insulin was found to inhibit early cardiogenesis, so it was not included in the RPMI/B27 medium at stage 2 in agreement with the results of others (Online Figure II) . 29, 30 On day 5, the medium was changed to basal RPMI/B27 with insulin. Contracting cells were observed as early as day 7, and the developing CMs formed contracting sheets of cells by day 15 (Online Movies I and II). Gene expression analysis during the differentiation protocol showed the sequential upregulation of early mesoderm genes T and MESP1, followed by the cardiac transcription factors of GATA4, ISL1, and NKX2-5, and, finally, the cardiac myofilament proteins TNNT2, TNNI3, MYL7, and MYL2 ( Figure 3E ). OCT4 and NANOG were concurrently downregulated. Lack of expression of SOX1 and PAX6 suggests the absence of neuroectoderm, and only transient expression of SOX17 and no FOXA2 expression argue that definitive endoderm derivatives are likely not present ( Figure 3E ). Immunolabeling of the matrix sandwich cultures at 15 days showed dense networks of cTnT-labeled CMs ( Figure 3F ). Up to 98% of the cells in the preparations at day 30 were cTnT + CMs demonstrated by flow cytometry ( Figure 3G ). Single CMs exhibited sarcomeric organization demonstrated by the immunolabeling of myofilament proteins α-actinin and myosin light chain (MLC) 2a ( Figure 3H) .
The specific ECM requirements for the successful induction of cardiogenesis using the protocol were investigated. Comparing a single Matrigel overlay at day 2 or day 0 to 2 sequential overlays revealed that the combination of 2 overlays was optimal for generation of CMs ( Figure 4A ). Phase contrast photomicrographs of cultures at various time points during the protocol with and without the double Matrigel overlay demonstrate the typical appearance of cultures during the early differentiation process and highlight the impact of the Matrigel overlay (Online Figure III) .
Because the Matrigel application may impact the growth factor requirements described originally for monolayerbased cardiac differentiation, 1 we also examined a range of different growth factor combinations and concentrations during stage 2 for the iPSC line DF19-9-11T. We tested the application of a single growth factor, Activin A, for 24 hours of treatment. Activin A alone led to a concentrationdependent increase in purity and yield of cTnT + cells peaking at 50 ng/mL, which produced 20% cTnT + cells (Online Figure IVA) ; however, this was inferior to the combination of 100 ng/mL Activin A with 10 ng/mL BMP4 and 5 ng/mL bFGF initially tested. Therefore, we tested varying concentrations of Activin A and bFGF on day 0, followed by the addition of BMP4 (10 ng/mL) and bFGF (5 ng/mL) on days 1 to 5 (Online Figure IVB) . The addition of bFGF during the exposure to Activin A had little effect, but Activin A was required for efficient cardiogenesis and displayed a concentrationdependent effect on the purity and yield of cTnT + cells. At the optimal concentration of 100 ng/mL Activin A, the matrix sandwich protocol generated 80% cTnT + cells, with yield of 11 cTnT + cells per input iPSC (Online Figure IVB) . We also tested various concentrations of BMP4 and bFGF on days 1 to 5 after Activin A treatment and found that concentrations of BMP4 ≤10 ng/mL resulted in a similar purity of CMs (Online Figure IVC) . Increasing the concentration of BMP4 to 25 ng/mL inhibited Figure IVC) . Addition of bFGF (5-25 ng/mL) during this stage generally increased the yield of CMs (Online Figure IVC) . In conclusion, we found that 100 ng/mL Activin A added on day 0 followed by 5 to 10 ng/mL BMP4 with 5 to 25 ng/mL bFGF on days 1 to 5 resulted in the highest purity and yield of cTnT + CMs of the iPSC line DF19-9-11T.
It was recently reported that precise optimization of Activin A and BMP4 signaling for each individual hESC and iPSC line is needed for efficient cardiac differentiation in EBs, 3 so we tested whether the optimal concentrations of Activin A (100 ng/mL), BMP4 (5 ng/mL), and bFGF (10 ng/mL) determined using the matrix sandwich protocol for the iPSC line DF19-9-11T (Online Figure IV) can result in efficient cardiac differentiation of other cell lines. Lentiviral-generated iPSC line (IMR90 C4), 21 nonintegrating iPSC lines (DF6-9-9T and DF19-9-7T), 22 and 2 hESC lines (H1 and H9) 23 underwent differentiation by the matrix sandwich protocol, yielding an average 40% to 92% cTnT + cells ( Figure 4B ). Furthermore, the matrix sandwich protocol resulted in high yields of CMs that ranged from 4 to 11 CMs per iPSC/ESC initially seeded. Differentiation of these same cell lines in EBs using a serum-based approach demonstrated much lower efficiencies and much greater variability from line to line (Online Figure  V) . Six disease iPSC lines also were differentiated to CMs efficiently using the matrix sandwich protocol without further growth factor optimization (data not shown). In addition, although all presented data are from human PSC lines maintained on mouse embryonic fibroblasts, in other experiments we observed similar results for human PSCs maintained on Matrigel in mTeSR1 as described previously. 9
Characterization of Human PSC-Derived CMs
The expression pattern of cardiac myofilament proteins can provide information regarding diversity and maturity of the CMs, so we examined the expression of the 2 major MLC 2 isoforms expressed in the heart, MLC2a and MLC2v. In developing mouse and human hearts, MLC2a expression is present in all chambers. In the postnatal heart, MLC2a expression becomes restricted to the atria in mouse but persists in both atria and, to some extent, in ventricles in humans. 24, 31, 32 In both mouse and human cardiac development, MLC2v expression is restricted to the ventricular chambers, and a ventricular-specific distribution persists into adulthood. 24, 31, 32 In both mouse and human embryoid bodies, MLC2a mRNA is detectable before MLC2v mRNA, suggesting that MLC2v is a marker not only of myocyte cell type but also of maturity. 31, 33 Immunolabeling for MLC2a and MLC2v in 30-day-differentiated CMs revealed 3 distinct patterns: MLC2a only; MLC2a and MLC2v; and MLC2v only ( Figure 5A ). To provide a quantitative assessment of the expression pattern of MLC2a and MLC2v, we performed flow cytometry on cells after 15 and 30 days of differentiation. Colabeling with cTnT/MLC2a demonstrated that almost all of the cTnT-positive cells express MLC2a at days 15 and 30 of differentiation. Colabeling with cTnT/MLC2v and MLC2a/MLC2v revealed little or no expression of MLC2v at 15 days of differentiation. However, a substantial population of cells expressing MLC2v was present after 30 days of differentiation, and the majority of these cells coexpressed MLC2a (Figure 5B and 5C) .
As another assessment of the maturity of the differentiating CMs, we examined the expression of smooth muscle actin (SMA), which is expressed in the earliest embryonic CMs but not in later-stage CMs. 34 In addition, this protein is expressed in smooth muscle cells and fibroblasts. Flow cytometry of cTnT/SMA colabeling revealed that 53% cells were cTnT + / SMA + double-positive at 15 days of differentiation; however, by 30 days of differentiation, the cTnT + /SMA + population decreased to 22%, with a concurrent increase in the cTnT + / SMApopulation (Online Figure VIA) . Immunolabeling replated cells from the matrix sandwich culture with antibodies to SMA and cTnT confirmed distinct populations of cells expressing these proteins (Online Figure VIB) . These results are consistent with the CMs undergoing maturation during this time in culture.
The presence of a small (7%) cTnT -/SMA + population suggests that fibroblasts and smooth muscle cells are also present. To examine what cell types are present in the small cTnTpopulation in the matrix sandwich culture after 30 days of differentiation, we characterized the cells by flow cytometry using antibodies for fibroblasts (clone TE-7), smooth muscle myocytes (SM-MHC), endothelial cells (CD31), and undifferentiated stem cells (OCT4). In the cell preparations that contained, on average, 74% CMs (cTnT + ), there were 8% fibroblasts and 2% smooth muscle cells (SM-MHC + ) (Online Figure VII) . Endothelial cells (CD31 + ) and undifferentiated stem cells (Oct4 + ) were not detected in the culture. Thus, in addition to the majority population of CMs resulting from matrix sandwich protocol, relatively small fractions of smooth muscle and fibroblast cells were present in culture. Approximately 16% of the cells were not recognized by any of these antibodies.
During normal cardiac development, CMs mature and stop dividing; therefore, we examined the proliferative activity of CMs by colabeling cells for sarcomeric myosin (MF20) and the proliferation marker Ki-67. After 15 days of differentiation for 2 iPSC lines (DF6-9-9T and DF19-9-11T) and one ESC line (H1), approximately 60% of the MF20 + CMs were also Ki67 + (Figure 6 ). After 30 days, approximately 30% of the MF20 + CMs were Ki-67 + . Thus, there is a continued loss of mitotic activity in CMs during the 30 days of observation, consistent with ongoing maturation.
The electrophysiological phenotype of matrix sandwich protocol-differentiated CMs was also investigated to assess the heterogeneity and maturity of CMs. Sharp microelectrode recordings of spontaneous action potentials (APs) from iPSC-CMs and ESC-CMs at 30 days of differentiation revealed 3 distinct AP morphologies comparable with previous studies using serum-based EB protocols ( Figure 7A ). 26, 35 The ventricular-like AP morphology was the predominant form Figure 3A with Activin A (100 ng/mL), bone morphogenetic protein 4 (10 ng/ mL), and basic fibroblast growth factor (5 ng/mL). Cardiogenesis efficiency was measured by flow cytometry for cardiac troponin T (cTnT)-positive cardiomyocytes at 15 days of differentiation of the induced pluripotent stem cell (PSC) line DF19-9-11T. Control is the cell culture without Matrigel overlay. Error bars represent standard deviation (SD), N=9. B, Cardiac differentiation of multiple PSC lines assessed by flow cytometry for cTnT at 15 days differentiaton using the matrix sandwich protocol. Error bars represent SD, N=15 for IMR90 C4; N=15 for DF6-9-9T; N=13 for DF19-9-7T; N=21 for DF19-9-11T; N=24 for H1; and N=16 for H9. Data were compared using one-way analysis of variance (ANOVA). *Significantly different, P<0.05. October 12, 2012 (64/76, 84%) with atrial-like APs (9/76, 12%) and nodal-like APs (3/76, 4%) being less commonly observed. AP properties showed variability among the ventricular-like CMs studied within each cell line, and generally the ventricular AP properties were not significantly different comparing the cell lines with the exception of H9 CMs ( Figure 7B ). The AP properties are more comparable with human embryonic CMs than adult CMs based on the slower upstroke maximum rate (dV/dt max ) and more depolarized maximum diastolic potential. 36, 37 However, the observed AP properties are similar to those from EBs differentiated for 60 to 90 days, 26 suggesting that the matrix sandwich protocol enables more rapid maturation of functional CMs than serum-based EB protocols. 26, 35 
Human PSC−Derived CMs Form Functionally Coupled Monolayers
Heart muscle acts as a functional syncytium with individual CMs tightly coupled by adhesion junctions that provide mechanical and electrical connections. Cultured neonatal rat ventricular myocytes have been used to generate electrically coupled monolayers of CMs to study impulse conduction and mechanisms of arrhythmias, [38] [39] [40] and so we tested whether the matrix sandwich−differentiated CMs exhibited the purity and functional characteristics that would enable formation of 2-dimensional monolayers of coupled CMs. The enriched CMs preparations from the matrix sandwich culture were replated on fibronectin-coated coverslips at a high density (250 000 cells/coverslip) to form monolayers. After 2 days of culture, the monolayers were labeled with the voltage-sensitive dye, Di-8-ANEPPS, and optical mapping was performed. Optical signals demonstrated that the monolayers were spontaneously active, and activation maps showed a relatively uniform spread of the electrical impulse, with average conduction velocities ranging from 13 to 18 cm/s in iPSC-derived and ESC-derived CMs monolayers ( Figure 8A-8D ). Overdrive-pacing of the monolayers resulted in basic cycle length-dependent conduction velocity (basic cycle length) typical of cardiac muscle ( Figure 8C ). Single pixel APs demonstrated predominantly ventricular type AP morphology ( Figure  8E ). Immunolabeling revealed that the coupling between CMs was provided by Cx43, not Cx40, gap junctions ( Figure 8F ). Rapid electrical stimulation could induce periodic re-entrant waves of conduction called rotors ( Figure 8E and Online Movie III), demonstrating that this culture system provides a powerful model for studying human arrhythmia mechanisms.
Discussion
Here, we demonstrate that appropriately timed application of ECM and key growth factors results in the robust cardiac differentiation of human PSCs. The overlay of monolayer-cultured human PSCs with Matrigel along with Activin A application promoted the initial EMT process, leading to the generation of a highly enriched population of mesodermal progenitors (Brachyury + ). Subsequent application of BMP4 and bFGF resulted in the efficient generation of CMs from multiple human PSCs lines with high purity (up to 98% cTnT + ) and high yield (up to 11 CMs/seeded ESC or iPSC). Furthermore, the matrix sandwich protocol does not require any subsequent steps, such as Percoll density gradient or other methods to select CMs. The resulting CMs exhibit progressive maturation in culture, but after 30 days in culture the CMs display significant heterogeneity in their maturity based on myofilament expression pattern, mitotic activity, and electrophysiological properties. As observed with other human PSC differentiation protocols, a mixture of CM cell types arise, including nodal-like, atrial-like, and ventricular-like CMs based on their electrophysiological properties. However, most of the CMs (>80%) are ventricular-like and can functionally couple in monolayers to exhibit classic cardiac electrophysiological properties and basic arrhythmia mechanisms.
Previous cardiac differentiation protocols have exhibited significant variability across different cell lines and at different passages when examined, and cell line−specific titration of growth factors is required for efficient differentiation in an EB-based protocol. 3 In some cases, inhibiting endogenous signaling in particular lines was necessary to enable cardiogenesis 3 ; in another case, activating an additional signaling pathway (Wnt) was needed for differentiation of a given cell line. 6 Although the matrix sandwich protocol shows a steep concentration dependence primarily of Activin A, all of the cell lines tested differentiated relatively well under the same conditions without individualization of growth factor concentrations, which suggests that addition of ECM provides a favorable microenvironment complementing the added growth factors to promote a more robust differentiation process. The ECM effect likely reflects the behavior of cells during normal development in which dynamic changes in both ECM and growth factors are critical. However, the details of mechanisms by which the Matrigel promotes EMT and cardiogenesis will require future investigations focused on the individual components of this complex ECM mixture and potential cellular receptors and signaling pathways. Although the matrix sandwich protocol was broadly successful across the human PSC lines studied, this required optimal culture conditions. Several factors were noted to be critical to the success of the protocol and may be considered for troubleshooting purposes:
1. The starting human PSC cultures must robustly express markers of pluripotency and exhibit minimal or no background differentiation. 2. Growth factor lots are variable and may require testing of new lots for optimization. We found that exceeding a threshold of BMP4 >10 ng/mL can potently inhibit cardiogenesis. Furthermore, optimal storage of the labile growth factors is essential. 3. Matrigel lots are also variable, and it may be necessary to test more than one lot.
4. The initial Matrigel overlay can be optimized from 0.5 mg/6-well plate for rapidly growing lines to 1.0 mg/6-well plate for slower growing lines, as described in the Methods. 5. High-passage cells (approximately >p65) or cells that begin to demonstrate a change in growth patterns have an increased risk of genetic or karotypic abnormalities impairing the differentiation. 6. For human iPSCs, lack of expression of exogenous transgenes and a stable reprogrammed phenotype after 20 or more passages promote more reproducible differentiation. 7. A control human PSC line that works reproducibly in the protocol can be used in parallel with new cell lines to validate that conditions are optimal.
Robust differentiation protocols for human PSC lines in fully defined conditions to generate cell lineages of interest ; BCL 1000 (N=5); BCL 500 (N=5); BCL 450 (N =5); BCL 400 (N=5); and BCL 350 (N=5). D, Average conduction velocities for the H9 (N=3), H1 (N=6), and DF19-9-11T (N=5) monolayers measured at 2-Hz pacing. E, Representative snapshots from phase movies showing electrical rotors in H9 and DF 19-9-11T CM monolayers. Green represents the depolarization phase of the propagating action potential, phase zero; red represents phase 2 or the plateau phase of the action potential; and orange and yellow represent phase 3 repolarization of the action potential. The white asterisk indicates the phase singularity, the point where all phases of the action potential converge and is the organizing center of the arrhythmic reentry. The white arrows denote the direction of the rotation of the reentrant waves. F, Immunolabeling of induced PSC-CM monolayer (DF19-9-11T) for sacromeric protein α-actinin in combination with α-smooth muscle actin (SMA) and gap junction protein connexin (Cx) 43 and Cx40, respectively. Note abundant staining for α-actinin and Cx43 but no staining for SMA or Cx40. Scale bars are 25 μm. Error bars represent SEM. are essential to advance biomedical research and clinical applications. For example, research using the growing number of cardiac disease−specific and patient-specific iPSC lines will be greatly facilitated by the availability of robust cardiac differentiation protocols that do not require cell line-specific optimization. The matrix sandwich protocol also is amenable to scale-up using large parallel plate bioreactors technology, because the protocol starts with single-cell seeding and does not require further cell processing until harvest of the CMs. Future advances are needed to generate homogenous populations of specific CM cell types and to enhance the maturation of CMs. Matrix-enhanced protocols also could prove valuable for generating a variety of other cell lineages in the future.
